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3. Soot primary particle nucleation rates in laminar premixed and diffusion flames were
similar for comparable tempetatures and concentrations of H and acetylene. A crude correlation
of soot primary particle nucleation rates was achieved using these variables but a more complete
model of soot nucleation that accounts for soot precursor species and processes of coalescence,
dehydrogenation, etc., should be sought in order to achieve a more complete and robust
treatment of soot nucleation.

(3 /en S s
4. Laminar Diffusion Flame Studies (Ground- and Space-Based Studies)

4.1 Introduction

Laminar diffusion flames are of interest because they provide model flame systems that
are far more tractable for analysis and experiments than more practical turbulent diffusion
flames. Certainly, understanding flame processes within laminar diffusion flames must precede
understanding these processes in more complex turbulent diffusion flames. In addition, many
properties of laminar diffusion flames are directly relevant to turbulent diffusion flames using
laminar flamelet concepts. Laminar jet diffusion flame shapes (Juminous flame boundaries) have
been of particular interest since the classical study of Burke and Schumann (1928) because they
are a simple nonintrusive measurement that is convenient for evaluating flame structure
predictions. Thus, consideration of laminar flame shapes is undertaken in the following,
emphasizing conditions where effects of gravity are small, due to the importance of such
conditions to practical applications.

Another class of interesting properties of laminar diffusion flames are their laminar soot
and smoke point properties (i.e., the flame length, fuel flow rate, characteristic residence time,
etc., at the onset of soot appearance in the flame (the soot point) and the onset of soot emissions
from the flame (the smoke point)). These are useful observable soot properties of nonpremixed
flames because they provide a convenient means to rate several aspects of flame sooting
properties: the relative propensity of various fuels to produce soot in flames; the relative effects
of fuel structure, fuel dilution, flame temperature and ambient pressure on the soot appearance
and emission properties of flames; the relative levels of continuum radiation from soot in flames;
and effects of the intrusion of gravity (or buoyant motion) on emissions of soot from flames. An
important motivation to define conditions for soot emissions is that observations of laminar jet
diffusion flames in critical environments, e.g., space shuttle and space station facilities, cannot
involve soot emitting flames in order to ensure that test chamber windows used for experimental
observations are not blocked by soot deposits, thereby compromising unusually valuable
experimental results. Another important motivation to define conditions where soot is present in
diffusion flames is that flame chemistry, transport and radiation properties are vastly simplified
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when soot is absent, making such flames far more tractable for detailed numerical simulations
than corresponding soot-containing flames.

Motivated by these observations, the objectives of this phase of the investigation were as
follows:

1. Observe flame-sheet shapes (the location of the reaction zone near ¢=1) of nonluminous
(soot free) laminar jet diffusion flames in both still and coflowing air and use these results to
develop simplified models of flame-sheet shapes for these conditions.

2. Observe luminous flame boundaries of luminous (soot-containing) laminar jet diffusion
flames in both still and coflowing air and use these results to develop simplified models of
luminous flame boundaries for these conditions. In order to fix ideas here, maximum luminous
flame boundaries at the laminar smoke point conditions were sought, i.e., luminous flame

boundaries at the laminar smoke point.

3. Observe effects of coflow on laminar soot- and smoke-point conditions because coflow
has been proposed as a means to control soot emissions and minimize the presence of soot in
diffusion flames, see Dai and Faeth (2000) and Lin and Faeth (1996a,1996b).

The following description of this phase of the research is relatively brief. Additional
details may be found in Dai and Faeth (2000), Lin and Faeth (1996a,1996b,1998,1999,2000), Lin
et al. (1999), Urban et al. (1998,2000) and Xu et al. (2000b).

4.2 Experimental Methods

Flames in Still Air. Two flame conditions were considered, involving laminar jet
diffusion flames in still and coflowing air. Present interests were devoted to nonbuoyant flames
which was achieved either by carrying out expenments usmg ground based (drop tower, aircraft)

or space- based (space shuttle) nﬁcrograwty facilities or by carrying out expenments at normal
gravity but at reduced pressures which provides a way of simulating small gravity conditions as
discussed by Law and Faeth (1994). Finally measurements at normal gravity but at reduced
pressures with strong coflow also involve conditions where effects of buoyancy are small Dai

and Faeth, 2000) : NEUT B

Several test arrangements were used for laminar _]C'[ dxffuswn flames in still air but they
were all similar to the space shuttle facility used by Lin et al. (1999) and Urban et al.
(1998,2000). In this facility, laminar jet diffusion flames were stabilized at the exit of round fuel
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nozzles located along the axis of a windowed chamber. The chamber had a diameter of 400 mm
and a maximum length of 740 mm and was operated at pressures of 35-130 kPa in air
environments. Various round fuel nozzles were used having thin tube walls. The nozzle inlets
had flow straighteners and length/diameter ratios greater than 55:1 to yield fully developed
laminar pipe flow at the nozzle exit.

Monitoring measurements included fuel flow rates, fuel temperature, chamber pressure
and chamber temperature. Flame shapes were measured using a color video camera (Hitachi
Model KP-C553) with a spatial resolution better than 0.3 mm. Photographs were also obtained
using a filter designed to pass radiation from the excited CH band associated with radical
reactions in the flame sheet (430 nm center frequency with 10 nm half-width pass band), which
provided a way to find the flame sheet in the presence of luminous yellow soot luminosity.

Original sources should be consulted to find detailed information about test conditions.
The main test parameters were as follows: fuels included methane, acetylene, ethylene,
propylene, propane and 1-3 butadiene; burner diameters were 0.8-5.4 mm; burner exit Reynolds
numbers were 2-172, luminous flame lengths were 5-108 mm and pressures were 3-100 kPa.

Flames in Coflowing Air. Detailed descriptions of this facility can be found in Lin et al.
(1996a), Dai and Faeth (2000), and Xu et al. (2000b). The burner was placed in a cylindncal
chamber, directed vertically upward, with the tests generally carried out at pressures smaller than
50 kPa in order to minimize effects of buoyancy. The bumer was a coaxial-tube arrangement
with the fuel flowing from the inner port and air flowing from a concentric outer port (60-mm
inside diameter). The inner port had sufficient length to yield fully developed laminar pipe flow
at the burner exit. Flame lengths were limited so that test conditions approximated flames in a
uniform air coflow. The windowed chamber had a diameter of 300 mm and a length of 1200
mm. Optical access was provided by pairs of opposing windows having diameters of 100 mm.

Monitoring measurements were the same as for flames in still air, except that the air
coflow velocity was monitored as well. In this case, flame shapes were obtained using a 35 mm
reflex camera, subsequently printing the photographs using a 100x125 mm film format. The
flame shapes were measured directly from the films.

Original sources should be consulted to find detailed information about test conditions.
The main test parameters were as follows: fuels included methane, acetylene, ethylene,
propylene, propane, and 1-3 butadiene; fuel port diameters were 1.6-6.0 mm; bumner exit
Reynolds numbers were 2-219; ratios of initial air/fuel velocities were 0.008-32.5; luminous
flame lengths were 5-108 mm; and pressures were 3.5-50 kPa.
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4.3 Theoretical Methods

Flames in Still Air. The goal of analysis was to develop a convenient way of
interpreting and correlating the flame shape measurements. A set of easily used equations was
sought, along with recommendations for selecting the thermodynamic and transport properties
appearing in these equations, as opposed to more complete methods that would require numerical
solutions on a computer. Two conditions were considered; namely, laminar jet diffusion flames
in still air and in coflowing air at nonbuoyant conditions.

The basis of the analysis of nonbuoyant laminar jet diffusion flames in still air was the
simplified analysis of Spalding (1975). The major assumptions of this analysis are as follows:
(1) only steady, axisymmetric laminar jet diffusion flames at constant pressure in still
environments are considered; (2) effects of buoyancy and potential energy changes are small; (3)
the Mach number of the flow is small so that effects of viscous dissipation and kinetic energy
changes can be ignored; (4) the flame has a large aspect ratio so that diffusion of mass (species),
momentum and energy in the streamwise direction is small; (5) for the same reasons, the solution
of the governing equations can be approximated by far-field conditions where the details of
initial conditions at the jet exit can be replaced by jet invariants for the conservation of mass
(elements), momentum and energy in the integral sense; (6) all chemical reactions occur in a thin
flame sheet with fast chemistry so that fuel and oxidant are never simultaneously present within
the flame; (7) the diffusivities of mass (of all species), momentum and energy are all equal; (8)
all thermophysical and transport properties are constant throughout the flame; and (9) effects of
radiation are small. The assumptions are discussed by Lin et al. (1999). The last three, however,
are not satisfied by laminar diffusion flames and are only adopted so that simple formulas for
flame shape can be found, and due to the past success of similar approximations for analysis of
the shapes of laminar diffusion flames (Spalding, 1975).

The formulas for flame shapes obtained using these approximations appear in Lin et al.
(1999). Correlation of these formulas with measurements was sought by selecting conditions to
find mean transport parameters and introducing some empirical parameters, as follows: the equal
diffusivity approximation was replaced by introducing the Schmijdt number, Sc = 0.76, based on
air properties; transport properties were taken to be the properties of air at the average of the
adiabatic flame temperature and the ambient temperature; the correlations were extended to
small aspect ratios by introducing a virtual origin, L,; and an empirical coefficient, C;, was
introduced to best fit the correlations to measurements and account for effects of differences
between soot and flame sheet luminosity. With these changes, the luminous flame length

becomes:
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(LeL)yd = (3C¢#32)ReSc/Z, (12)
whereas, the expression for the luminous flame diameter becomes:
WZJ/d = 3L - 1) (13)

where
£ = (L)(@L¢L) (14)

Flames in Coflowing Air. The basis for the analysis of nonbuoyant laminar jet diffusion
flames in coflowing air was the same as Lin et al. (1999) for flames in still air, and the
assumptions used in the analysis were the same as well. The resulting equation for the luminous
flame length becomes:

@LL,)Yd = (C/16)ReSc/Z,, (15
whereas, the expression for the luminous flame diameter becomes:
wZJ/d = [-{(ug/u,)Z,In{{}]"” (16)

where { can be found from Eq. (14) as before. The algorithm for finding physical properties in
Egs. (15) and (16) was also the same as for the flames in still air. Remarkably, Eq. (15) indicates
that luminous flame lengths in coflow are proportional to the mass flow rate of fuel and
independent of coflow velocity, similar to flames in still air, but they are only 2/3 as long. Direct
effects of coflow velocity also manifest themselves with respect to flame diameters, as is evident
from Eq. (16).

4.4 Flame Shape Properties

Luminous Flame Lengths. Measured and predicted luminous flame lengths for
nonbuoyant laminar jet diffusion flames in still air are illustrated in Fig. 14. These results are
plotted according to Eq. (12) for tests carried out at microgravity using Space Shuttle facilities
for ethylene- and propane-fueled flames burning in still air. These results involved soot-
containing flames at the laminar smoke point where yellow soot luminosity extends significantly
beyond the flame sheet where ¢=1. Best fit values of the empirical parameters were L/d = -3.2
and C; = 1.13. The simplified theory of Eq. (12) does a remarkably good job of correlating the
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Fig. 14 Measured and predicted luminous flame lengths of nonbuoyant hydrocarbon/air
laminar jet diffusion flames as a function of normalized jet exit Reynolds number. From Lin et

al. (1999).
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measurements with the baseline result, for C=1, very close to the measurements. Flame lengths
at the laminar smoke point are also seen to be not much affected by whether or not the flames
were actually emitting soot.

Several additional determinations of luminous flame lengths are plotted as suggested by
Eq. (12) in Fig. 15 in order to gain insight about effects of unsteadiness, buoyancy and soot
luminosity. All the measurements are correlated quite nicely according to Eq. (12) but values of
C; differ considerably. The results for low gravity tests using the KC-135 facility are closest to
the space-based data but are significantly shorter with C=0.8 (e.g., the space-based flames are
40% longer) due to effects of disturbances to the gravitational field (g-jitter) with enhanced
mixing due to these disturbances tending to reduce luminous flame lengths. The next closest
results involved luminous flame lengths of soot-containing flames near the laminar smoke point
at normal gravity yielding C,=0.57 due to enhanced mixing resulting from buoyant motion. The
last results are due to Sunderland et al. (1998) which yield luminous flame lengths very similar
to the results for buoyant flames with C=0.56 but for very different reasons. These flames
involved nonbuoyant soot-free (blue) methane, ethane- and propane-fueled flames burning in
still air at microgravity conditions using a 2.2s drop tower facility. In this case, burner velocities,
fuel flow rates and ambient pressures were manipulated to eliminate the presence of soot and
enhance rates of flame development to steady conditions. Thus, it is likely that these results
involve observations of the flame sheet itself whereas luminous flame lengths of soot-containing
flames at the laminar smoke point involve yellow luminosity from soot that is present beyond the
flame sheet and well into the fuel-lean region before the luminosity disappears when the soot
finally burns out due to soot oxidation. Thus, for steady nonbuoyant laminar jet diffusion flames
in still gases, luminous flame lengths at the laminar smoke point are roughly twice as long as the
maximum streamwise position of the flame sheet due to soot luminosity in the fuel-lean region
beyond the flame sheet.

As suggested by the equations for luminous flame lengths from the simplified theories,
Egs. (12) and (15), coflow also affects luminous flame lengths. This behavior is illustrated in
Fig. 16 which involves measurements and correlations based on Egs. (12) and (15), as follows:
smoke-point flame lengths in still gases (C=1.05) from Lin et al. (1999); smoke-point flame
lengths in coflow (C,=1.05) from Lin and Faeth (1999), soot-point flame lengths in still gases
(C=0.52) from Xu et al. (2000b) and soot-point flame lengths in coflow (C;=0.54) from Xu et al.
(2000b). It is evident that the flame length measurements for all these flows are correlated quite
well by Egs. (12) and (15). In particular, for similar soot conditions (soot-free or at the laminar
smoke point) flames in still gases are roughly 50% longer than in still gases as prescribed by the
simplified theories. In addition, values of C; at the laminar smoke point condition are roughly
twice as large as those for soot-free flames at comparable conditions; thus, the presence of hot
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Fig. 15 Luminous flame lengths of hydrocarbon/air laminar jet diffusion flames as a function of
normalized jet exit Reynolds number: correlation of measurements of soot-free (blue) flames
from Sunderland et al. (1998), measurements (symbols) and correlation (line) of normal-gravity
flames reported by Urban et al. (1999), and correlation of luminous nonbuoyant flame lengths
from Urban et al. (1998). From Lin et al. (1999).
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Fig. 16 Correlations between laminar soot and smoke-point flame lengths and normalized fuel
flow rates for laminar jet diffusion flames in still and coflowing air for flames fueled with
various hydrocarbons: smoke-point flame lengths in still gases from Lin et al. (1999), smoke-
point flame lengths in coflow from Lin and Faeth (1999), soot-point flame lengths in still gases
from Xu et al. (2000b), soot-point flame lengths in coflow from Xu et al. (2000b). Measurements
(symbols) and predictions (lines). From Xu et al. (2000Db).
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soot particles in the fuel-lean portion of the flame significantly extends (by up to a factor of
roughly 2) the region where flame luminosity is observed.

Luminous Flame Shapes. Measured and predicted flame shapes are illustrated in Fig.
17 for flames at the laminar smoke point in still gases, in Fig. 18 for flames at the laminar smoke
point in coflowing gases, and in Fig. 19 for soot-free flames in coflowing gases. The last shows
the results for flame sheet locations with and without the C-H filter, indicating that both methods
provide good indications of the location of the flame sheet in this instance. The agreement
between the flame shape measurements and the predictions of the simplified theories is
remarkably good, which generally is the case when predicted flame lengths are accurate. The
main exception is the near-injector condition in strong coflow where the assumptions of a large
aspect ratio, boundary layer type of flow, are not valid and predictions are not expected to be

accurate.

4.5 Soot and Smoke-Point Properties

Introduction. Several properties of soot-containing diffusion flames were of interest
during the present investigation in addition to the flame structure, soot growth, soot oxidation,
soot nucleation and flame shape properties that have already been discussed. The first of these
relates to simplified ways to model the structure of practical soot-containing turbulent diffusion
flames by exploiting well known methods using the laminar flamelet approximation which
involves finding state relationships for scalar properties solely as a function of the degree of
mixing of the flow, typically represented by the local mixture fraction of the flow. Such ideas
have been considered for modeling turbulent diffusion flames since the early work of Hawthorne
et al. (1949). Bilger (1976) demonstrated the existence of state relationships for the
concentrations of major gas species even in soot-containing diffusion flames, leading to
successful predictions of turbulent diffusion flame structure and radiation properties in some
instances, see Gore and Faeth (1986,1988). Similar success was not achieved for soot properties
in flames, however, due to the problems of buoyant laminar diffusion flames properly
representing soot properties in turbulent diffusion flames (where local effects of buoyancy are
small) that were discussed in connection with Fig. 1 (also see Faeth (2001) and Law and Faeth
(1994)). Thus, one part of the present work sought better understanding of the potential for soot
property state relationships in turbulent diffusion flames.

Several properties representative of the soot and smoke-point properties of laminar
diffusion flames (defined as the laminar flame lengths at conditions where the flame just begins
to emit and to contain soot, respectively) were also studied during the present investigation.
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Fig. 17 Measured and predicted luminous flame shapes for typical closed-tip nonbuoyant
hydrocarbon/air laminar jet diffusion flames in still air. From Lin et al. (1999). '
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These properties are of interest because they provide well-defined parameters that can be used to
highlight differences between nonbuoyant and buoyant flames and to provide ways of evaluating
soot formation and oxidation models. There also is interest in laminar smoke points because
allowable flame test conditions are often limited by the requirement not to emit soot. For
analogous reasons, there is interest in laminar soot points due to the vastly simplified chemistry
of soot-free flames which makes them much more tractable for detailed numerical simulations of
flame chemistry than corresponding soot-containing flames .

A third issue of interest during this phase of the investigation involved ways to minimize
soot concentrations in flames as well as soot emissions from flames by manipulating the flow
environment of flames. In particular, Hussman and Maybachs (1961) demonstrated long ago
that hydrocarbon-fueled diffusion flames where initial fuel velocities were retarded compared to
initial air (or oxidant) velocities resulted in startling reductions of soot concentrations in flames
and tendencies for soot emissions from flames. Subsequent work by Lin and Faeth
(19962,1996b,1998,2000) and Dai and Faeth (2000) also demonstrated that retarded fuel
velocities compared to air (oxidant) velocities extended conditions where laminar diffusion
flames did not either emit or contain soot.

In view of these observations, three issues concerning the soot and smoke-point
properties of laminar jet diffusion flames were considered, as follows: state relationships for soot
properties, laminar soot and smoke-point properties and hydrodynamic suppression of soot.
Nonbuoyant flames were emphasized during this work because effects of buoyancy modify soot
properties in flames and tend to obscure important trends. Experimental methods for the work
were already described in connection with the shape properties of laminar jet diffusion flames
and will not be considered again here. Finally, the following description of this work is brief,
more details can be found in Dai and Faeth (2000), Faeth (1997,2001), Lin and Faeth
(19962,1996b,1998,2000) and Urban et al. (1998,2000).

State Relationships for Soot Properties. A relatively primitive level of modeling of the
 structure of diffusion flames is based on finding state relationships for various degrees of flame
strain in order to develop laminar flamelet libraries. These libraries are then used to find the
structure of turbulent diffusion flames. State relationships generally are found from
measurements in laminar diffusion flames, which is quite reasonable for scalar properties such as
the concentrations of major gas species and temperatures. This approach avoids current limited
understanding of soot processes in flames, and for the present, provides more reliable state
relationships than predictions of numerical simulations involving detailed treatment of soot
chemistry. This approach is not effective for soot properties, however, because buoyancy affects
soot paths differently for different parts of buoyant laminar diffusion flames (as discussed in
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connection with Fig. 1) so that these properties do not exhibit the universal (path independent)
behavior of properties having proper state relationships. It is the premise of this phase of the
investigation that when effects of buoyancy are small, the true state relationships for soot
properties within practical flames, which generally are not buoyant, can be found from
observations of laminar flames.

The simplified analysis considered in the last section helps to understand flame shape
properties, and can provide some justification for the presence of universal soot property state
relationships, say for soot volume fractions, in nonbuoyant laminar jet diffusion flames. An
important result of this simplified analysis is illustrated in Fig. 20. This involves sketches of
streamlines for nonbuoyant laminar jet diffusion flames as well as the location of the flame sheet.
In this flow there are two fundamental groups of streamlines: (1) internal streamlines that
originate at the nozzle exit and pass directly through the flame sheet, and external streamlines
that originate outside the nozzle exit and initially pass inside the flame sheet before turning and
passing outside the flame sheet once again. The two groups of streamlines are separated by the
“dividing streamlines” that originate from the nozzle wall itself, and are sketched in Fig. 20. As
a practical matter, most of the soot generated in laminar diffusion flames is generated by soot
particles passing along internal streamlines because these paths spend the most time at the fuel-
rich conditions that favor the formation of soot. Now a remarkable feature of nonbuoyant
laminar jet diffusion flames (achieved exactly under the approximations used in the simplified
flame shape analysis and more probably just approximately for actual flames having variable
physical properties, etc.) is that the variation of all scalar properties as a function of time for soot
traveling along internal streamlines is identical, i.e., the variation with time is independent of the
path. Given this fact, rates of soot growth and oxidation along all of these paths should be
identical which implies that all soot properties should be identical as well. For such
circumstances, soot properties as a function of the degree of mixing (represented by the fuel
equivalence ratio or mixture fraction) should also be independent of the path and should exhibit
universal properties as a function of, say, mixture fractions so that state relationships for soot
volume fractions should be observed, similar to other scalar properties in laminar diffusion
flames. Furthermore, this relationship is independent of the velocity of the fuel near the burner
exit or source of the flame because doubling (say) the fuel velocity simply doubles the length of
the flame between the burner exit and the flame sheet along any streamline, so that the variation
of flow properties as a function of time remains unchanged. For such circumstances, the flame
and soot property state relationships are independent of both the streamline path (in the region
enclosed by the dividing streamlines) and the initial fuel/air (oxidant) state so that universal state
relationships suitable for a broad range of flame conditions should be achieved.
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Measurements of both soot properties and gaseous scalar properties (sufficient to allow
the local mixture fraction to be computed) in completely nonbuoyant laminar jet diffusion flames
having small effects of radiation and thermophoresis are needed to convincingly evaluate laminar
flamelet concepts for soot properties and to demonstrate the existence of universal state
relationships for soot properties in laminar diffusion flames for given bumner exit and ambient
compositions, temperatures and pressures. Unfortunately, these requirements are beyond the
capabilities of currently planned space-based laminar diffusion flame experiments. In particular,
the LSP experiment can adequately define soot concentration and temperature properties within
steady and nonbuoyant laminar jet diffusion flames but does not have the capability to measure
the gaseous compositions of the test flames and thus their local mixture fractions. Nonetheless,
data from the LSP experiments can provide evidence for necessary (but not sufficient) conditions
for the existence of soot volume fraction state relationships in properly steady and nonbuoyant
laminar jet diffusion flames when effects of radiation and thermophoresis are small. In
particular, if the variation of scalar properties as a function of time are universal for streamlines
within the dividing streamlines as illustrated in Fig. 20, the soot formation and oxidation
amounts along each streamline should be identical which implies that maximum soot
concentrations should be the same for various streamlines passing from the bumner exit to the
surroundings of the flame.

Measurements relating to the potential existence of soot volume fraction state
relationships are illustrated in Fig. 21. These results involve crosstream distributions of soot
volume fractions for an ethylene-fueled laminar jet diffusion flames burning in still air from the
LSP Space Shuttle experiments (LSP Experiment 03E* as defined by Lin et al. (1999) and Urban
et al. (1998,2000)). This experiment was carried out at a total pressure of 50 kPa, where effects
of radiation and thermophoresis of soot particles were small due to the relatively large flow
velocities within the flame sheet. Two sets of results are shown on this plot, measured early and
late in the combustion process, with the latter exhibiting somewhat broader and somewhat
smaller maximum concentrations due to the somewhat smaller ambient oxygen concentration
caused by oxygen consumption by the flame with increasing time. In any event, it is evident that
maximum soot concentrations are nearly the same at each time when data is shown in Fig. 21 (in
the range 1.5-2.0 ppm) for the various paths from the burner exit to the surroundings. This
behavior satisfies a necessary condition for the existence of a soot volume fraction state
relationship for this flame condition. An exception to this behavior is the first streamwise
position shown in Fig. 21, z=20 mm, where the maximum soot concentration (0.7 ppm) is
roughly half that of the other paths. This behavior corresponds to well known exceptions to state
relationships for major gas species in laminar jet diffusion flames associated with points of flame
attachment. Another factor influencing soot concentrations near the burner exit is the different
convection pattern of soot particles outside the dividing streamlines compared to the rest of the
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flow as discussed in connection with Fig. 20. Nevertheless, the bulk of the flame is not
influenced by these effects and exhibits potential for the existence of soot concentration state

relationships.

Additional evidence providing necessary conditions for the existence of state
relationships for soot concentration state relationships in steady and nonbuoyant laminar jet
diffusion flames for conditions when effects of radiation and thermophoresis are small is
provided in Fig. 22. These results were all obtained from the LSP Space Shuttle experiments
(Experiment O3E*, 02E, 03E and 17E) when characteristic residence times, ty, = 18-63 ms, were
sufficiently small so that effects of radiation and thermophoresis were small. The paths
considered, with one exception for illustrative purposes only, were generally beyond the region
where effects of flame attachment and flow outside the dividing streamlines are factors. The
results shown on the figure are the ratio of the maximum soot volume fraction for a path to the
average of the maximum soot volume fraction for all paths considered, SVF/SVF,,, plotted as a
function of the ratio of the streamwise position where maximum was observed to the luminous
flame length, z/L;. Aside from one near-injector exception, the values of SVF/SVEF,,, are seen to
all be unity with experimental uncertainties. Thus, these findings support the necessary
conditions for the presence of soot volume fraction state relationships for steady and nonbuoyant
laminar jet diffusion flames when effects of radiation and thermophoresis are small. More
evidence along these lines will be sought during future LSP experiments where improved
understanding of the properties of these flames will allow test conditions to be selected where
effects of unsteadiness, buoyancy, radiation and thermophoresis that obscure observations of
soot volume fraction state relationships can be avoided.

Laminar Smoke Point Properties. Laminar smoke point properties , i.e., the length of a
laminar jet diffusion flame when it just begins to emit soot, were measured for round laminar jet
diffusion flames in still air at various pressures. Two flame arrangements were used for these
measurements of non-buoyant flames: (1) the KC-135 aircraft facility, and (2) the LSP Space
Shuttle facility that was described earlier. The following discussion of the laminar smoke point
measurements made with these facilities is brief, more details about the KC-135 measurements
can be found in Sunderland et al. (1994), whereas more details about the LSP measurements can
be found in Urban et al. (1998,2000) and Lin et al. (1998). The laminar smoke point
measurements in nonbuoyant flames were also supplemented by conventional measurements in
buoyant flames due to Schug et al. (1980) and Sivathanu and Faeth (1990a).

In view of the different mechanisms leading to the onset of soot emissions for buoyant
and nonbuoyant laminar jet diffusion flames, it is not surprising that they have substantially
different laminar smoke point properties. This behavior is illustrated in Figs. 23 and 24 by plots
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Fig. 23 Laminar smoke-point flame lengths of ethylene-fueled round non-buoyant and buoyant
laminar jet diffusion flames burning in still air as a function of pressure. Non-buoyant results
from Urban et al. (2000), non-buoyant KC-135 results from Sunderland et al.(1994), and buoyant
results from Schug et al. (1980) and Sivathanu and Faeth (1990a). From Urban et al. (2000).



60

¥ L T T T T 1 1] — T
PROPANE/AIR FLAMES BEJOYANT
| ROUND BURNERS d=10 & 14.3 mm
AIR @ 300 K
€
£ NONBUOYANT |
L 100F (KC-135) ]
o - d=1.6-59mm 1
o o -
48] " i
4
O 3 -l
p==
m - -y
o
<
Z - .
s NONBUOYANT
3 (STS-83 & 94) |
i d=1.6 mm
10 g 5 1 1 s 3 3 11 v
10 100
PRESSURE (kPa)

Fig. 24 Laminar smoke-point flame lengths of propane-fueled round non-buoyant and buoyant
laminar jet diffusion flames burning in still air as a function of pressure. Non-buoyant results
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results from Schug et al. (1980) and Sivathanu and Faeth (1990). From Urban et al. (2000).
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of laminar smoke point flame lengths as a function of pressure for ethylene- and propane-fueled
flames. Measurements illustrated in the figures include results for non-buoyant flames having
exit diameters of 1.6 and 2.7 mm from the space-based experiments (Urban et al., 1998,2000),
results for non-buoyant flames having jet exit diameters of 1.6, 2.7 and 5.6 mm from Sunderland
et al. (1994) using the KC-135 low gravity facility, and results for buoyant flames having jet exit
diameters of 10.0 mm from Schug et al. (1980) and 14.3 mm from Sivathanu and Faeth (1990a).

There are several interesting features about the measurements illustrated in Figs. 23 and
24. First of all, the laminar smoke point flame lengths of non-buoyant flames are significantly
smaller than those of the buoyant flames. In particular, the laminar smoke point flame lengths of
the ground-based non-buoyant flames up to 6.4 times longer than the space-based (STS 83 and
94) non-buoyant flames at comparable conditions. This behavior comes about because the non-
buoyant flames have much larger characteristic residence times (up to 300 ms, see Lin et al.
(1998)) than the buoyant flames (up to 50 ms, see Sivathanu and Faeth (1990a)), due to buoyant
motion, in spite of the greater length of the buoyant flames. This provides greater potential for
radiative heat losses for the nonbuoyant flames, leading to radiant quenching of soot oxidation
reactions which tends to promote soot emissions.

Another important feature of the laminar smoke point flame lengths illustrated in Figs. 23
and 24 is that the space-based nonbuoyant laminar smoke point flame lengths are significantly
smaller than corresponding measurements in nonbuoyant flames using ground-based (KC-135)
facilities — up to a factor of 2.3 shorter at comparable conditions. This behavior is caused by
the closer approach to steady, non-buoyant flame properties during the long-term space
experiments compared to the relatively unsteady and disturbed microgravity environment of the
KC-135 facility. In particular, flow velocities are very small near the flame tip of non-buoyant
laminar jet diffusion flames and can be disturbed by small levels of g-jitter. This behavior
results in enhanced mixing which delays radiative quenching. This behavior is exacerbated by
the relatively slow development of non-buoyant flames for the relatively large jet exit diameters
considered during the KC-135 experiments so that flame response times generally were longer
than periods when the test apparatus was free of disturbances. Additional evidence of enhanced
mixing during the ground-based microgravity tests compared to the space-based tests is provided
by observations of generally shorter luminous flame lengths at comparable conditions for the
ground-based tests than the space-based tests, as discussed in connection with Fig. 15.

Another difference between the laminar smoke point properties of non-buoyant flames
from ground-based and space-based microgravity facilities involves the pressure dependence. In
particular, the space-based experiments yield laminar smoke point flame lengths that are roughly
inversely proportional to pressure. This effect of pressure comes about because increased
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pressures tend to increase rates of soot formation and to increase residence times available for
soot growth for given burner conditions and flame lengths: both of these effects imply smaller
flame lengths for the onset of soot emissions as pressure increases. In contrast, the more
disturbed microgravity environment of the ground-based facilities yields an even stronger effect
of pressure on reducing laminar smoke point flame lengths as discussed by Urban et al. (2000).

Other properties of the laminar smoke point plotted in Figs. 23 and 24 are qualitatively
similar for non-buoyant space-based flames and buoyant flames. In particular, effects of jet exit
diameter on laminar smoke point flame lengths are small in all three cases and all three flame
conditions indicate that ethylene-fueled flames emit soot more readily than propane-fueled

flames.

Hydrodynamic Suppression of Soot. The last issue considered during this phase of the
LSP investigation involved studies of hydrodynamic ways to suppress the formation of soot. As
noted earlier, this work was based on the original ideas of Hussman and Maybach (1961) who
demonstrated that soot formation in hydrocarbon diffusion flames was suppressed whenever
initial fuel velocities were retarded compared to initial air (or oxidant) velocities. Present studies
of the shapes of laminar jet diffusion flames in coflowing air, discussed in Section 4.4, help to
provide an explanation of this behavior. In particular, the position of the flame sheet in laminar
jet diffusion flames in strong coflow is mainly fixed by the fuel flow velocity, and as a result the
characteristic residence time in the flame is inversely proportional to the air coflow velocity Lin
and Faeth (1999). Thus, by retarding the fuel flow velocity, flame residence times can be made
sufficiently small to prevent soot emissions from the flame or even soot formation in the flames
(Lin and Faeth 1996a, Dai and Faeth, 2000). The objective of this phase of the investigation was
to investigate the suppression of soot formation in laminar jet diffusion flames in coflow by
retarding fuel velocities.

The test arrangement used for this study was similar to the arrangement used by Lin and
Faeth (19962,1999). Measurements were carried out at subatmospheric pressures to minimize
effects of buoyancy (Law and Faeth, 1994). The test burner was a vertical coaxial tube with fuel
flowing from an inner port having inside diameters of 1.7, 3.2 and 6.4 mm and air flowing from
an outer port having an inside diameter of 60 mm. The burner was operated within a windowed
chamber having an inside diameter and length of 300 and 1200 mm, respectively. Acetylene-,
ethylene-, propane- and methane-fueled laminar jet diffusion flames in coflowing air were

considered.

Lin and Faeth(1996a) had considered effects of fuel and air velocities for the soot
emission of laminar coflowing jet diffusion flames, i.e., on laminar smoke point properties.
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Thus, present work considers both laminar smoke-point and the laminar soot- point, i.e., the
latter being the condition where flame first begins to emit soot based on observations of yellow
luminosity from hot soot particles. Flame shapes were also considered during these tests as
discussed earlier in Section 4.4. The following discussion of the results will be brief, for more
details see Lin and Faeth(1996a) and Dai and Faeth (2000).

Some typical measurements of the fuel flow rate at the first appearance of soot emissions,
the laminar smoke-point, are illustrated in Fig. 25 for 1-3 butadiene; results for other fuels are
similar. As can be seen from the figure, increasing u,/u;, or correspondingly retarding the fuel
flow velocity, clearly increases Q; which implies larger fuel burning rates, or longer flames, prior
to the emission of soot. Put another way, the flame has greater resistance to soot formation as
the air/fuel velocity ratio increases. The effect of increasing u,/u; to increase the fuel flow rate
when soot is first emitted is most evident at low pressures where effects of buoyancy are
minimized and velocity ratios over the length of flames tend to change least from initial velocity
ratios. The reduced effect of air/fuel velocity rate on Q; as the pressure increases is due to effects
of buoyancy because u,/u; is no longer representative of velocity ratios over most of the flame
due to buoyant acceleration of the heated region near the flame sheet. This behavior has made it
difficult to recognize the important effect of reactant stream velocity ratios on soot processes in
laminar jet diffusion flames because most past observations of laminar smoke point properties
have been carried out at normal gravity and atmospheric pressure (Lin and Faeth, 1996a).

Some typical measurements of laminar smoke point properties at various air coflow
velocities are illustrated in Fig. 26 for propane-fueled flames; results for other fuels are similar.
This is a plot of fuel flow rates at the laminar soot point as a function of the air coflow velocity
for various pressures. On this plot, the reversed-shaded symbols indicate the condition where the
initial air and fuel velocities are the same. These results show that increased air coflow
velocities increase laminar soot point fuel flow rates. Similar to the smoke point results seen in
Fig. 25, the effect of air coflow on the laminar soot point properties is best seen at low pressures
where effects of buoyancy on flow velocities are minimized. It is also evident that flame liftoff
tends to limit the degree to which the laminar soot point can be increased so that effective use of
this technique to minimize soot formation requires ways to enhance flame attachment in the
presence of large coflow velocities as well. In any event, the results illustrated in Figs. 25 and 26
clearly demonstrate the significant capabilities of retarded fuel velocities to reduce soot
formation and emissions from laminar diffusion flames, as suggested long ago by Hussman and
Maybach (1960). Notably, use of air atomization for combusting liquid fuel sprays involves
retarded fuel velocities due to the relatively small fuel velocities and relatively large air
velocities used for the atomization process. Thus, based on present results, it is not surprising
that this injector system is well known to reduce soot emissions from spray flames.
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4.6 Conclusions

Studies of the structure (shape) and soot and smoke point properties of laminar jet
diffusion flames were carried out, seeking to minimize effects of buoyancy and obtain the
properties of the nonbuoyant flames of greatest interest for practical applications. The main
objectives of the studies were as follows: to observe flame sheet shapes for soot-free flames and
to use these results to develop simplified models of these fundamental properties; to complete
similar considerations for soot-containing laminar jet diffusion flames; and to consider the soot-
and smoke-point properties of nonbuoyant laminar diffusion flames, e.g., to investigate whether
diffusion flames exhibit state relationships for soot properties, to investigate effects of buoyancy
on laminar soot- and smoke-point properties and to investigate hydrodynamic ways to control
soot formation in diffusion flames. The main conclusions of the studies are as follows:

1. Soot-containing laminar jet diffusion flames had larger luminous flame lengths than
earlier ground-based observations: 40% larger than luminous flame lengths using an aircraft
(KC-135) facility due to reduced effects of gravitational disturbances (g-jitter), roughly twice as
long as luminous flame lengths in buoyant flames at normal gravity due to the absence of effects
of buoyant mixing, and roughly twice as long as luminous flame lengths in soot-free nonbuoyant
flames due to soot luminosity.

2. The simplified theoretical analysis of Spalding (1976) for nonbuoyant laminar jet
diffusion flames in still air yielded excellent correlations of luminous flame shapes of both soot-
containing and soot-free flames upon adjusting an empirical flame length parameter to account
for the fact that flame luminosity ends at the location of soot consumption and at the location of
the stoichiometric flame sheet along the axis of soot-containing and soot-free flames,
respectively. In fact, soot-containing flames at the laminar smoke point are roughly twice as
long as the location of the flame sheet.

3. An extension of the simplified analysis of Mahalingam et al. (1990) provided reasonably
good predictions of the shapes of laminar jet diffusion flames in strong coflow. Similar to the
behavior of laminar jet diffusion flames in still gases, soot-containing laminar jet diffusion
flames in strong coflow at the laminar smoke point were roughly twice as long as the location of
the flame sheet. In addition, the laminar diffusion flames in strong coflow are 2/3 as long as

corresponding flames in still gases.

4. Based on the simplified analysis of flame shapes for laminar jet diffusion flames in still
gases, the environment of soot particles passing along streamlines within the dividing
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streamlines of the flow causes identical variations of scalar properties as a function of time
(independent of both the streamline followed and the initial velocity of the jet). This implies
identical soot formation and oxidation properties, and thus soot properties, as a function of time
along these paths. Such behavior suggests that universal state relationships giving soot
properties as a function of the degree of mixing (or the mixture fraction) should be observed for
nonbuoyant laminar jet diffusion flames (and thus in nonbuoyant turbulent jet diffusion flames
based on laminar flamelet concepts). This behavior was confirmed based on tests of nonbuoyant
laminar jet diffusion flames using Space Shuttle facilities which exhibited identical maximum
soot concentrations for all paths from the burner exit through the flame sheet to the surroundings,
which is a necessary condition for the existence of universal state relationships for soot

properties.

5. Based on the simplified analysis of flame shapes of laminar jet diffusion flames in
coflowing air, increased air/fuel velocity ratios for such flames should reduce residence times
and thus the capability to form soot in these flames. This property was demonstrated directly by
experiments that showed increased laminar smoke- and soot- point flame lengths and fuel flow
rates with increasing air/fuel stream velocity ratios. These effects were most pronounced at low
pressures, where effects of buoyancy were minimized, and initial air/fuel stream velocity ratios
are reasonably representative of the entire visible portion of the flame for present test conditions.
This effect is probably responsible for reduced sooting tendencies of liquid hydrocarbon spray
flames using air atomization techniques because these methods intrinsically provide enhanced
air/fuel stream velocity ratios due to the large air velocities and small fuel velocities that are

used.
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